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Abstract: Induction motors are more attractive to car manufacturers because they are more robust and more cost
effective to maintain in comparison with other types of electric machines. The evolution of their control makes them
more efficient and less expensive. However, a new control technique known as sensorless control is being used to simplify
the implementation of electric machines in electric vehicles. This technique involves replacing the flux and speed sensors
with an observer. The estimation of these elements is based on the measurement of currents and voltages. The main
purpose of the present study is to design a novel robust structure of the sensorless vector control for an urban electric
vehicle. The proposed structure aims to improve the accuracy of dynamics at low speeds, eliminate sensitivity to the
machine’s parameters, and maintain the stability of the system even if the variation reaches high values. The speed
estimation is ensured by an enhanced PI adaptation mechanism based on the full order Luenberger observer. The proof
of this stability is based on the Lyapunov theorem. Moreover, a GA-based adaptive control is used for self-tuning of the
stator resistance. By combining these techniques, we can enhance the efficiency and stability of the whole system.
Key words: Electric vehicle, induction machine, sensorless control, vector control, genetic algorithm, Lyapunov theorem,
Luenberger observer

1. Introduction
Several factors have contributed to the major evolution of induction motor (IM) drives in recent decades:
the availability and low cost of power inverters resulting from advances in power electronic switching devices
and microprocessor-based controls, and the cost and availability of other sources of energy. Furthermore, the
diversity and the mastery of electric motors, as well as the ease of controlling their torque over a range of speeds,
have led car manufacturers to use them in the field of automotive traction [1].
Note that IMs are becoming the most widely used and the best choice for high power and variable speed
applications because they have the best compromise of power density and manufacturing cost. IMs are simple
in structure, robust and reliable, and require little maintenance [2]. Further, they can be designed with totally
enclosed rotors to operate in dirty and explosive environments. These features make IMs attractive for use in
industrial drives, especially automotive traction. Indeed, in automotive traction, whether the engine is thermal,
hybrid, or electric, the desire is to have fast acceleration at low speed and operation over a wide range of
speeds. For speeds above the basic speed, the drive can be used at constant power up to a maximum value-field
weakening.
∗ Correspondence:
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The choice of electric motor is key to the performance of an electric vehicle. As described in Figure 1,
the traction power of the wheels is delivered by the three-phase electric machine. The torque and speed of the
machine are controlled by the voltage source inverter, which converts the battery DC voltage to a three-phase
AC voltage suitable for the electric machine. A bidirectional DC–DC converter ensures a bidirectional energy
transfer, which allows the battery to be charged during the braking phase.

Bidirectional
DC-DC
converter

Mechanical
transfer

Battery

Figure 1. Electric vehicle architecture.

The control of these engines requires using a sensor to measure the speed (or position). This sensor
increases the complexity, size, and price of the hardware needed for the system and brings several other
disadvantages, including lack of reliability and noise immunity. The use of a sensorless control will increase
the robustness and decrease the maintenance of the drive system [3, 4]. The idea is to replace the physical
sensor with a software sensor. Thus, several techniques are used to accurately determine speed. Two main
categories are developed in the literature [5–14]: a category that does not require knowledge of the motor model
(signal injection) and the others based on the motor model.
The signal injection technique has many advantages, in particular stability and suitable response at low
speed. Nevertheless, the choice of injected signal frequency becomes hard due to the difficulty of extracting
correct information about the rotor position. However, this technique is rarely used in induction machine drive
applications. The model reference adaptive system (MRAS) is based on estimating the same parameter in two
different ways: voltage model and current model. The speed estimation could be obtained using the rotor flux,
back EMF, or reactive power. However, this technique may result in an amplification of the flux component
estimation errors [3, 5, 6]. The closed loop observers such as the Luenberger observer are established from the
dynamic model of the drive system and use measurements to estimate the rotor speed [10, 11]. In a stochastic
environment, the extended Kalman filter (EKF) can be used to observe and predict the position and speed of the
IM [13]. Several optimization methods have been developed to overcome the complex time of this observer using
artificial intelligence [13, 14]. The sliding mode is known for its simplicity, easy implementation, robustness
to parameter variation, and no extensive computation. However, the chattering phenomenon decreases its
performance [6].
Considered as a nonlinear time-varying system, the IM is sensitive to operating conditions such as
speed and mechanical load. Moreover, its parameters, in particular the rotor and stator resistances, vary
with temperature, the electromagnetic state of the IM, and the frequency. These parameters significantly
influence the estimation and control performance and variation in load torque. For this reason, the adaptation
of parameters attracts more interest, especially when doing so influences not only the speed error but also
stability in the drive system[5].
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Several methods of stator resistance online estimation are presented in the literature. Among these, a
full order sliding mode is developed [15] to estimate the rotor speed and the stator resistance by replacing a
sign function with a sigmoid function to reduce the chattering phenomenon. In Khan and Verna [16], a Pn
MRAS-based resistance estimator is proposed. The estimation is based on the error between the reference model
output and the adjustable model output (Pn∗ − Pn ) followed by a PI controller. Benlaloui et al. [17] present a
PI MRAS adaptation law using two differences signals computed from the rotor fluxes and the electromagnetic
torque estimation, while Krishna and Daya [18] developed a fuzzy-based stator resistance adaptation mechanism
in the MRAS estimator.
In the present paper, a robust technique is presented for a sensorless vector control using a full-order
observer to estimate the rotor flux and stator current. First, the rotor speed is estimated using the adaptive
law, which verifies the stability criteria of the Lyapunov theorem. To overcome the sensitivity to parameter
variations, the genetic algorithm program is used to estimate the stator resistance. Furthermore, the estimated
speed and the current measurements are used to determine the load torque to improve the accuracy of the
response of the system drive. In the simulation results, a comparison is given to show the influence of the
developed adaptation mechanism.
Therefore, the manuscript is structured as follows. First, the modeling of the motor and the rotor field
orientated control (RFOC) is presented. Then we describe in detail the design of the full order observer and
the synthesis of the rotor speed estimation and the stator resistance adaptation mechanism.

2. Dynamic model of the induction motor and vector control
2.1. Dynamic model
Based on the equations describing the electromagnetic behavior, the dynamic model of the IM can be presented
by the following equations expressed in the d-q reference frame [6]:
 dI
ds



dt



dIqs




 dt
dΦdr
dt



dΦ
qr




dt



 dΩ
dt

= λIds + ωs Iqs + σLsMLr τr Φdr + σLMs Lr ωΦqr + σL1 s Vds
= −ωs Ids + λIqs − σLMs Lr ωΦdr + σLsMLr τr Φqr + σL1 s Vds
1
= M
τr Ids − τr Φdr + ωr Φqr
1
= M
τr Iqs − ωr Φdr − τr Φqr
= LpM
(Φdr Iqs − Φqr Ids ) − J1 Tl − Jf Ω,
rJ

where λ = −( στ1 s +

(1)

1−σ
στr ).

2.2. Vector control
The vector control is based on the orientation of the flux in some way to imitate the DC motor behavior. This
operation allows separate control of the flux and the torque by adjusting respectively the direct and quadrature
components of the stator current. This technique is based on orientation of the dq reference so as to eliminate
the quadrature component. Thus, for the RFOC the quadrature component of the flux is considered zero
ϕqr = 0 , and so the flux will be carried entirely on the direct component ϕr = ϕdr . As a result, the control law
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can be given by the following equations:
Ids =

1 + τr s
Φr
M

(2)

Iqs =

Lr
Te
pM

(3)

ωr =

M
Iqs
τr Φr

(4)

To obtain improved flux response, a flux regulator can be employed; it is called direct vector control.
When this regulator is used, parameter sensitivity is less than that in indirect control. In addition, to obtain
improved response and less sensitivity to machine parameters, a variety of flux observers can be used [19].
The general structure of the control is based on three main loops in a cascade topology. In addition to
the flux loop, the torque loop is the inner one and it receives its command from the speed loop controller shown
in Figure 2. The electromagnetic torque is the output of the IP controller in the speed loop.

Figure 2. IP speed controller.

Note that the IP controller is chosen due to the absence of zero in the closed loop transfer function [19].
In absence of disturbances, the load torque is considered zero, and the closed-loop transfer function is given by
Ω̂
=
Ω∗

1
1
2
Kp Ki s

+

f +Kp
Kp Ki s

+1

=

1 2
s
ω02

1
,
+ ω2ξ0 s + 1

(5)

where Ω̂ is the estimated speed given by the full-order Luenberger observer explained later in the next
paragraph. By setting the desired response time, the controller gains are calculated by resolving the system:

1

 2
ω0

 2ξ
ω0

=
=

1
Kp Ki
f +Kp ,
Kp Ki

(6)

where ω0 is the natural frequency and ξ the damping ratio.
To improve the response, the load torque is estimated from the measured stator current and estimated
speed and flux from the system:


 dΩ̂
dt

d
 T̂l
dt
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3. Design of the full-order Luenberger observer for rotor speed estimation and stator resistance
adaptation
3.1. Design of the observer
The full-order observer is based on the dynamic model of the IM in the stationary reference frame αβ to avoid
extra calculations and nonlinear transformations. The principle is to add a correction term to a copy of the
system dynamics. The state representation is given by
{

x̂˙ =
ŷ =

Ax + Bu + L(y − ŷ)
C x̂

(8)

As the stator current measurements and the rotor flux equations are easy to explore, the state vector is
(
)
Is
composed as follows: x =
.
Φr
)
(
) ( i
A11 A12
a11 I ai12 I + aj12 J
Then the state matrix:
=
A21 A22
ai21 I ai22 I + aj22 J
ai11 = λ

ai12 =

M
σLs Lr τr

aj12 =

M
ω
σLs Lr

The input and the output vectors:

u = Vs

The input and the output matrix:

B=
(

Luenberger gain matrix:

L=

ai21 =

ai22 =

−1
τr

j
a22
=ω

y = Is

1
σLs I

L1
L2

M
τr

C = (1

)

(
=

l11 I + l12 J
l21 I + l22 J

0)

)

The main objective is to determine the gain matrix L, which will be explained in the following paragraph.
3.2. Proof of stability observer
The observer’s dynamic is set by the choice of the gain matrix that significantly affects the poles of the system.
These poles are the eigenvalues of the matrix A − LC . They must be chosen so as to ensure the stability of the
observer.
The eigenvalues of the induction motor λIM are given by solving the following characteristic polynomial:
det(λIM I − A) = λ2IM − (A11 + A22 )λIM − A12 A21 + A11 A22 = 0

(9)

The eigenvalues of the Luenberger observer λLO are given by
det(λLO I − A + LC) = λ2LO − (A11 + A22 − L1 )λLO − A12 A21 + A11 A22 − A22 L1 + A12 L2 = 0

(10)

For stability reasons and system dynamics, the eigenvalues of the observer must be chosen proportional
to those of the IM according to the equation λLO = KλIM (K > 1) [20]. By replacing this equation in (10)
and by identification with K 2 (9) we obtain the following gain matrix:
{

L1

=

−(K − 1)((ai11 + ai22 )I − aj22 J)

L2

=

(K − 1)[((ai11 + ai22 ) −

(K+1)(ai12 ai21 +ai11 ai22 )
)I
ai12

+(

ai11 ai22 aj22 −aj2
22
aj12

−

(K+1)(aj12 ai21 +ai11 aj22 )
)J]
aj12

(11)
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As can be seen in Figure 3, the trajectory of the full-order observer pole depends on the choice of the
appropriate value of the gain matrix. Indeed, the choice of the gain matrix defines not only the dynamics of the
observer but also its stability. As shown in Figure 4, when K increases the system tends to lose its stability.

Figure 3. Trajectory of the full-order Luenberger observer
pole for different speeds.

Figure 4. Nyquist diagram of the Luenberger observer
for different values of K.

3.3. Rotor speed adaptation
To ensure observer stability, we use the Lyapunov criterion. Then the candidate function chosen for estimating
the rotor speed is given by [20]
Vω = eT e +

∆ω 2
,
τω

(12)

where e = x − x̂ and ė = Âe + ∆Ax̂ are the estimation error and its derivative, respectively.
∆A = A(ω) − A(ω̂) defines the difference between the state matrix for the real and estimated speed.
Therefore, the derivative function of Vω is given by
dVω
∆ω dω̂
= eT (AˆT + Â)e + 2ai12 τr (Φ̂rβ eIsα − Φ̂rα eIsβ )∆ω − 2(Φ̂rα eΦrα − Φ̂rβ eΦrβ )∆ω − 2
dt
τω dt

(13)

To satisfy the Lyapunov criterion, the estimated speed must be defined as a pure integration in the open
loop of the cross product of estimated flux and the current error:

ω̂ =

ai12 τr
τω

∫
(Φ̂rβ eIsα − Φ̂rα eIsβ )

To improve the estimation speed, a PI adaptation mechanism is proposed.
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3.4. Parameter adaptation using the GA-based mechanism
As mentioned before, the vector control is sensitive to the IM parameters, especially the stator resistance. For
this reason an adaptation mechanism should be established. The proof of stability is based on the Lyapunov
theorem as done before for the rotor speed. Then the candidate function and its derivative are given by

V = Vω +

∆Rs2
τRs

=⇒

dV
dVω
2
∆Rs dR̂s
=
− (Iˆsα eIsα + Iˆsβ eIsβ )∆Rs − 2
dt
dt
σ
τRs dt

(15)

Thus, we obtain the following adaptation mechanism of the stator resistance estimation:
R̂s = (Kp +

Ki ˆ
)(Isα eIsα + Iˆsβ eIsβ )
s

(16)

The problem occurring at this level is the determination of the controller gain. Indeed, there is no
algebraic method; only the error test technique is used. To overcome this random determination of these
parameters, genetic algorithm optimization is used. The purpose is to consider the adaptation law obtained
by the Lyapunov criterion as a minimization problem. Indeed, the fitness function (the input argument to the
main GA program) is defined by Equation (16).
The genetic algorithm is based on natural selection. It is a method for solving optimization problems.
This technique is built on repeated modification of the population in such a way as to evolve toward an
optimal solution [21]. In this vein, to create the next generation from the current population at each step, the
genetic algorithm uses three main rules: selection, crossover, and mutation. The diagram shown in Figure 5
summarizes the different steps of the GA optimization. The control optimization used is shown in Figure 6 and
the parameters of the GA-based program are summarized in Table 1.
Table 1. GA parameters.

Property
Number of values
Population size
Maximum number of generation
Mutation fraction
Crossover fraction
Tolerance

Value
2
50
100
0.1
0.8
10−6

To summarize, the structure of the improved sensorless vector control is shown in Figure 7. A full-order
Luenberger observer is used to estimate the rotor flux and the stator currents followed by a PI adaptation
mechanism to estimate the rotor speed. For the stator resistance estimation, GA-based control optimization is
applied. To improve the accuracy of the response of the system, the load torque is restored.
4. Simulation results
The Simulink model used to verify the proposed structure is presented in Figure 8. The IM parameters are
shown in Table 2.
The following simulations are carried for many ranges of speed while the motor is loaded. As shown in
Figure 9a, the speed at the beginning is zero; then it gradually increases in ramp. The speed is kept constant
1737
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Start

Parameters initialization

Random population
initialization
Creating the next generation

Evaluation of the scores by
computing its fitness value
Selection
Crossover and mutation

No

Stopping
Criteria?
Yes
End

Figure 5. GA optimization diagram.

Figure 6. GA-based control optimization.

Table 2. Induction motor specifications and parameters.

Technical specifications
Rated power
Rated voltage
Rated frequency
Rated speed
Number of pole pairs

160
400
50
1487
2

KW
V
Hz
rpm

Parameters
Rs , Rr
Ls , Lr
Mutual inductance
Total inertia
Friction coefficient

0.01379, 0.007728
Ω
0.0078, 0.0078
H
0.00769
H
2.9
Kg.m2
0.05658
N m.s.rad− 1

every 2 s (100 rpm, 700 rpm, then to 1500 rpm). The stator resistance variation is applied at 3 s. It is increased
by 50% of the rated value. At 12 s, the stator resistance is set to its rated value.
The abrupt increase in stator resistance influences the response of the system. However, the GA-based
adaptation reduces this effect as can be noted in the simulation results. Indeed, when using the GA-based
adaptation, the stator variation generates a small oscillation for the speed (Figures 9a and 9b), a peak for the
electromagnetic torque (Figures 9c and 9d) and a slight variation in the flux (Figure 10).
Without adaptation, the orientation of the flux is no longer maintained (Figure 10). The absence of the
adaptation mechanism generates divergence of the measured current of its reference and then divergence of the
electromagnetic torque. As mentioned before, the q-axis stator current is proportional to the electromagnetic
torque by Equation (2). This can be noted in Figure 9c and Figures 11a and 11b. Moreover, a distortion
1738
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Figure 7. Block diagram of sensorless vector control using a Luenberger observer for rotor speed estimation with online
load torque estimation and stator resistance adaptation.

Figure 8. Simulink model of the proposed structure.

of the three-phase current appears in the absence of adaptation (Figure 11c). By comparing the applied
and the estimated resistance (Figure 11d), we can observe that the estimated resistance follows its reference.
Furthermore, this estimation is sensitive to the speed variation.
1739
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Figure 9. (a) Speed response, (b) speed error (%), (c) electromagnetic torque response, (d) torque error (%) (at rated
torque).

Figure 10. (a) d-axis rotor flux response, (b) q-axis rotor flux response, (c) rotor flux in the stationary frame without
adaptation, (d) rotor flux in the stationary frame using GA-based adaptation (at rated torque).

To verify the proposed structure for reversal speeds, we gradually apply a slew rate ramp speed from 0
to 1000 rpm and this is kept constant for 6 s and then reversed in ramp to –1000 rpm and maintained constant
for 7 s. In addition, the rated load torque of the IM drive is applied during the first 7 s and then inverted for
1740
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Figure 11. (a) q-axis measured stator current, (b) q-axis reference stator current, (c) one-phase stator current, (d)
stator resistance estimation (at rated torque).

the last 7 s so that the IM always works in motor mode. A 70% variation in the stator resistance is applied at
3 s and removed at 12 s. Figure 12a shows the speed response and Figure 12b its error. Speed ripples appear
at 3 s and 12 s due to the variation in stator resistance. It can also be seen in the torque response and its error
as shown respectively in Figures 12c and 12d. The flux orientation is no longer assured without the adaptation
mechanism (Figure 13).
The speed passes through zero when it is inverted, which causes a divergence in the velocity error. This
error is canceled more quickly when the adaptation is used (Figure 12b).
The q-axis stator current is presented in Figures 14a and 14b, the three-phase stator current in Figure 14c,
and the applied and estimated stator resistance in Figure 14d.
The present study emphasizes only the adaptation of the stator resistance due to the high sensitivity of
control to this parameter compared to the rotor resistance, which explains the choice of the proposed adaptation.
Indeed, a 50% variation in the stator resistance causes ripples of speed around its final value (Figure 15a) and
a nonnegligible error of torque (Figure 15b) and the flux orientation is no longer maintained (Figures 15c and
15d). For higher values, this can lead to system instability. However, the effect of variation in rotor resistance
as shown in Figure 15b is negligible and the system remains stable even with +50% rotor resistance variation.
According to the simulations carried out, the high sensitivity to stator resistance variations at low and
rated speed can be deduced. Indeed, the rotor speed is directly affected by the flux estimation error due to the
resistance variations. For higher values, the system becomes unstable without the parametric adaptation.
As shown in Figure 16, the GA-based controller determines the stator resistance even if the variation
reaches higher values.
At the end of this section, the proposed structure is tested for different ranges of speed (low, medium, high,
and reversal) under different conditions. The performance results obtained for the proposed control strategy
1741
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Figure 12. (a) Speed response, (b) speed error (%), (c) electromagnetic torque response, (d) torque error (%) (reversal
speed).

Figure 13. (a) d-axis rotor flux response, (b) q-axis rotor flux response, (c) rotor flux in the stationary frame without
adaptation, (d) rotor flux in the stationary frame using GA-based adaptation (reversal speed).

present effectiveness, robustness, and stability. The present study has the peculiarity of using the GA-based
control to determine the controller gains by considering the adaptive law as a minimization problem. Previous
1742
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Figure 14. (a) q-axis measured stator current, (b) q-axis reference stator current, (c) one-phase stator current, (d)
stator resistance estimation (reversal speed).

Figure 15. (a) Speed response, (b) electromagnetic torque response, (c) d-axis rotor flux, (d) q-axis rotor flux.

studies [6, 16, 17] mainly use a conventional PI controller or use a simple online compensator based on the error
between measured and observed αβ axis stator currents [15]. Others propose a robust method based on the
multiobjective adaptive fuzzy Luenberger observer independently on rotor resistance variation [22]. The results
1743
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Figure 16. GA-based controller response for different applied stator resistance.

show the robustness of the control under rated torque and rotor resistance variation. However, the results did
not take into account the stator resistance impact to validate the proposed structure. Furthermore, in [23], the
feedback linearization based control is combined with an MRAS-SMO and applied to the sensorless direct torque
control. The structure is verified under different conditions and shows effectiveness and stability. However, the
parametric sensitivity is not verified.

5. Conclusion
In the present paper, an improved structure for sensorless control of IM drives is proposed. The full-order
Luenberger observer is employed to estimate the rotor flux and stator currents used to define the adaptation
law for the rotor speed based on the Lyapunov theorem. A GA-based adaptation is used to estimate the stator
resistance. The purpose is to define an adaptive law as a minimization problem. This adaptive law constitutes
the input of the GA optimization. Furthermore, and to improve the accuracy of the system response, the load
torque is restored using the estimated speed and measured currents.
To validate this work, simulations are carried out for different ranges of speed and different environments
(e.g., load torque applied, parameter variation). The comparison between the system response without the
adaptation mechanism and with the GA-based control shows the main quality of the novel structure. Indeed,
the simulation results allow us to obtain an improved response over the entire speed range, even in the zero zone
and at low speed. This control allows for less sensitivity to machine parameters. In fact, the flux orientation
is ensured in the presence of a parametric variation in stator resistance, and the system remains stable even if
the variation reaches high values. This is well suited for urban electric vehicles. This engine, like many other
1744
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applications, is working in a difficult environment, and the priority is to maintain the system’s stability through
its optimum operation.
Nomenclature
∗
and ∧
Rs,r
Ls,r and M
p, J , and f
Vds,qs , Vdr,qr
Ids,qs , Idr,qr
Φds,qs , Φdr,qr
ωs,r
ω = pΩ = ωs − ωr
Ω
Te and Tl
L
τs,r = Rs,r
s,r

:
:
:
:
:
:
:
:
:
:
:
:

Respectively denote the references and estimated values.
Stator and rotor resistances.
Stator, rotor, and mutual inductances.
Respectively pole pairs number, total inertia, and friction coefficient.
d-q stator and rotor voltages.
d-q stator and rotor currents.
d-q stator and rotor fluxes.
Synchronous and slip speed.
Electrical rotor speed.
Mechanical rotor speed.
Respectively electromagnetic torque and load torque.
Stator and rotor time constant.

σ =1−

:

Leakage coefficient.

M2
Ls Lr
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